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Atomic force microscopy analysis of the surface
alterations of enamel, dentin, composite and ceramic
materials exposed to low oral pH in GERD
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Abstract. Dental erosion is a significant topic in medical liter-
ature, both for gastroenterology and dental medicine. Dental
structure loss has a psychosocial and functional significance.
The pathogenesis of dental erosion in patients diagnosed with
gastroesophageal reflux disease (GERD) characterized by the
presence of an acidic oral environment after reflux episodes,
is not well understood. The present study was designed to
observe the effect of low oral pH in time on natural surfaces
including enamel and dentine, but also on materials used in
treating these dental destructions such as composites and
ceramics. The acidic oral environment was estimated in rela-
tion to salivary pH. In the dental laboratory, 5-mm? and 1-mm
composite pieces of thick enamel, dentine, Emax Ceramic
and Nexco Ivoclar were cut in order to be analyzed using
atomic force microscopy (AFM) and to observe the surface
alterations. Gastric acid was collected and mixed with saliva
until a pH value of 6.0 was obtained, in which the pieces were
immersed for 24, 120, 240 h. Roughness of each surface was
calculated at a microstructure and nanostructure level. The
results showed significant alterations in enamel and dentine

Correspondence to: Dr Andrei Picos, Department of Prevention
in Dental Medicine, ‘Iuliu Hatieganu’ University of Medicine and
Pharmacy, 70A Bucuresti Street, 400000 Cluj-Napoca, Romania
E-mail: andrei.picos@umfcluj.ro

“Contributed equally

Key words: atomic force microscopy, e.max ceramic, composite,
dentine, enamel, gastroesophageal reflux disease, dental erosion

exposed to a lower pH level beginning even at a short immer-
sion time, in comparison with composites and ceramics which
had no alterations. In conclusion, multidisciplinary attention
should be given to detect and manage acidity of the oral cavity
caused by GERD, in order to prevent dental erosion.

Introduction

Dental erosion (DE) represents a subject of interest and concern
for dentists because of its increasing prevalence in the last few
years (1). Beside the medical significance, the quality of the
teeth has a tremendous aesthetic effect involving psychoso-
cial and artistic significance. DE leads to both alterations in
physiognomy and to health issues (2). A common cause of DE
includes an increase in oral cavity acidity by gastroesophageal
reflux disease (GERD) (3). GERD is diagnosed as a result of
heartburn and is assessed by intra-esophageal pH-impedance
monitoring; guidelines mention extraesophageal compli-
cations, including DE (4,5). Unlike GERD, there are no
diagnostic, prevention and treatment guidelines for DE at
present. The mechanisms of action of gastric juice in the
oral cavity are known; salivary pH decreases with individual
variations according to the buffer capacity and the chemical
composition (calcium and phosphorus) of the saliva (6-14).

DE is the result of the repeated or continuous exposure
of hard dental tissues to acidic pH condition and it includes
three consecutive stages: Loss of the protective matrix on the
enamel, its demineralization at a salivary pH below 5.5 and
alteration of the dentin structure, with opening of the dentinal
tubules (15-20). The duration and frequency of reflux episodes
is relative. Many studies report different values, from 1 min to
2 h, one to 15 episodes within 24 h (21-27).

GERD may be asymptomatic but can still induce DE (28).
Therefore, it is important to complete a dental exam for DE
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with a gastroenterological examination that would confirm a
diagnosis of GERD. Of the GERD patients who present with
DE, 31-56% have distal GE reflux. Patients with more than 2
reflux episodes per week were found to have a longer distal
esophageal exposure time to pH values below 4.0 and 5.5
according to a previous study (28).

Atomic force microscopy (AFM) enables surface scanning
and 3D presentation of its aspect. Such details can provide
important information on the mechanism of erosion. The
images may be explored and analyzed by the dentist in a new

and interactive manner.
Atomic force microscopy differs from classic micros-

copy by enabling a 3D view of the surface studied. The
high cost of the equipment makes it available in only a few
medical centers; therefore, the number of studies is also
small (29-32).

Given the alterations induced by gastric acid on dental
surfaces, we analyzed the physical modifications and their
evolution by a multidisciplinary team including physicians and
physicists. The aim of this study was to assess, by AFM, the
roughness value of enamel, dentine, and the materials used in
minimal invasive treatments for DE such as composites and
ceramics, exposed to a low pH level in the oral cavity as a
consequence of gastric reflux.

Materials and methods

An in vitro experiment on enamel, dentin, dental composite
Nexco and Emax ceramic was designed. The present study
included dental surfaces submitted to acid erosion in the
mouth, namely enamel and dentin. The behavior of ceramic
and composite materials used in the prosthetic restorative
treatments of erosion was also assessed. Preparations of the
samples were conducted in the ‘ArtChrys Dental Lab’ in
Cluj-Napoca, Romania by a dental technician and a dentist.
Four dentin and 4 enamel surfaces were prepared in the shape
of a parallelepiped, one side 5 and 1 mm thickness, polished
with a disk, from 8 central extracted incisors that presented no
signs of erosion. The 4 ceramic surfaces Emax IPS (Ivoclar),
one of the most frequently used ceramic facets, were made
to be square shaped, 5 mm in size, I mm in thickness. The
composite surfaces, Nexco (Ivoclar), used in direct dental
reconstruction were the same size, photopolymerized for
40 sec and polished with abrasive disks and special rubbers.
All the samples were maintained in the saliva harvested after
meals from patients without GERD, medium buffer capacity,
in order to prevent dehydration and realize a protective layer
similar to the conditions in the mouth.

In all, there were 16 surfaces divided into 4 groups of 4
samples each: Enamel, dentin, Emax IPS ceramic and Nexco
(Ivoclar) composite. For each group, one surface, not exposed
to acid, was studied by AFM and served as a normal control,
attributed to control patients without GERD.

From one patient diagnosed with GERD, as confirmed by
endoscopy, and admitted to the 2nd Department of Internal
Medicine, ‘luliu Hatieganu’ University of Medicine and
Pharmacy in Cluj Napoca, 120 ml gastric juice was collected
by endoscopy. Each sample was immersed in 10 ml gastric
juice mixed with saliva, pH of 6.0, as tested by GC Saliva
Check (33).

All the surfaces, following immersion, were examined by
AFM at 24, 120 and 240 h. These intervals were chosen as
being equivalent to 1, 5 and 10 years of exposure of dental
tissues and prosthetic materials to an oral acid pH for 15 min
- the time of a GE reflux (salivary buffer restores the pH to
normal within about 15 min after a sudden drop to acid). We
chose a frequency of 2 gastroesophageal episodes per week,
a threshold value most used in studies (28).

Preparation of the samples for AFM analysis was conducted
after their extraction from the immersion solution. This prepa-
ration included intense washing with double distilled water
and natural drying on paper. They were then mounted onto a
specific support, with the studied surface upward.

The effect of the acid on the teeth was assessed and approved
by a professional visual artist working with image processing.

For each sample, we examined two surfaces by AFM
to confirm the results. Examination was conducted in
tapping mode, in environmental conditions at 20°C, using
microscope JSPM 4210 (Jeol Co. Japan). Minikit used was
NSC15 (MikroMasch Co.) with a silicone tip and 300 kHz
resonance frequency. Topographic images were obtained at
approximately x1 Hz on surfaces from 5x5 to 1x1 pm. All
images were processed using WinSPM 2.0 software (JEOL),
which provided data on the sample surface, diameter of
morphological changes and roughness values.

The patient gave informed consent. The study was
conducted according to the Helsinki Declaration on Human
and Animal Studies.

Results

Gastric reflux has a complex acid profile as it includes not only
acids from ingested food, but also gastric juice containing
diluted hydrochloric acid among other components with a role
in digestion. Long-term exposure of teeth to GE reflux leads to
severe alterations in the morphology and structure of enamel
and dentin. We recorded, using AFM, the evolution in time of
enamel and dentin after immersion in acidic solution, using as
controls healthy enamel and dentin samples. The roughness
values in this study are the means of 3 measurements per each
sample.

Enamel. The AFM examination of the state of the enamel
evidenced 2 structure areas: The microstructural area, best
observed at a scan area of 5x5 ym, and the nanostructural area,
at an area of 1x1 ym.

Microstructure of the healthy enamel. Microstructure of the
healthy enamel presented with a smooth and even surface of
crystallites and hydroxyapatite (HAP) well bonded together.
We note some small dips on this surface (the darker spots),
which are normal for healthy enamel. In these conditions, the
microstructural roughness was Rq=9.69 nm (Fig. 1A).

Nanostructure of the healthy enamel. The nanostructure of the
healthy enamel is presented in Fig. 1E. It shows a compact
crystallite and HAP structure, well bonded, 40 nm in diam-
eter. The surface is very smooth, roughness Rq=2.14 nm.
However, some HAP crystallites have higher positions in the
surface topography, while others are lower. This led to local
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Figure 1. 3D AFM images of enamel samples affected by GERD. Evolution
of the microstructure (5x5 ym) of (A) healthy enamel, and after (B) 1 year
(C) 5 years, and (D) 10 years of aggression. Evolution of the nanostruc-
ture (1x1 gm) of (E) healthy enamel, and after (F) 1 year, (G) 5 years, and
(H) 10 years of aggression. GERD, gastroesophageal reflux disease; 3D, three
dimensional; AFM, atomic force microscopy.

depressions (darker spots) of 10-50 nm in diameter. Still, these
represent a natural characteristic of healthy enamel, becoming
vulnerable at a lengthy exposure to acid-erosive conditions.

Evolution of the microstructure. Evolution of the microstruc-
ture of the enamel surface in relation to time of exposure is
presented in Fig. 1B-D. Evolution of the microstructure of the
enamel is presented after 1 year of aggression (Fig. 1B), after
5 years (Fig. 1C), and after 10 years (Fig. 1D). After 1 year
of acid erosion the microstructure of the enamel surface was
barely changed, with only some well-defined uneven areas
being visible at the top of the image (Fig. 1B). This caused a
slight increase in the Rq value to 9.75 nm. We noted that the
small natural dips became slightly more visible. After 5 years
of acid erosion, the microstructure morphology was drastically
altered; the small dips progressed to a diameter of >200 nm and
with considerable depths (Fig. 1C). These were integrated into
the surface topography by depth, while the local irregularities
observed at 1 year extended to the whole surface after 5 years,
causing some local pikes (lighter spots almost white). This
affected the roughness significantly, reaching Rq=23.7 nm. Ten
years of acid-erosive aggression was found to lead to a totally
destroyed enamel surface, resembling that noted at 5 years but
very uneven, with depressions of 100-200 pm in diameter and
variable depths reaching even 100 nm. This caused heavily
roughness, with Rq=42.7 nm.

Evolution of the nanostructure. The evolution of the enamel
surface nanostructure according to the GE reflux aggression
is presented in Fig. 1F-H. After one year of acid aggression
by GE reflux the enamel nanostructure underwent significant
alterations (Fig. 1F). Entire nanostructural areas became
demineralized, namely the HAP crystallites were dissolved
from the superficial layer, forming depressed zones, while

the remaining ones formed higher islets. The diameter of
the HAP crystallites on the aggressed surface was markedly
increased to 60 nm. This led to more roughness, Rq=4.21 nm.
After 5 years (Fig. 1G) the nanostructure progressed to deeper
areas and erosion of the margins of resisting islets, forming a
rugged surface of Rq=11.0 nm. The HAP crystallites diameter
was 80 nm, almost double of the initial phase, which indicates
evidence of erosive-acid decay. After 10 years (Fig. 1H) the
nanostructure was deeply affected, evidenced by the deep
areas associated with the flattening of HAP formations,
Rg=16.0 nm.

Values of roughness. The 3D surface roughness of enamel
alterations are presented in Fig. 1. The values of roughness
that resulted at the microstructural and nanostructural levels
are presented in Fig. 2. The complex aspect of the acid erosion
on the dental enamel is evidenced. We noted that surface
erosion started at a nanostructural level after 1-year exposure,
with the microstructure being less affected. Beyond one year,
alterations become more obvious. At 5 years, the nanostruc-
tural roughness reached the initial microstructural values and
surpassing them after a period of 10 years (Fig. 2).

Summing up the findings, we may conclude that after
5 years and later, GE reflux has severe effects on the dental
enamel, manifested by decay, which may reach the dentin
in patients with thin enamel or dental surface injuries.
Consequently, this led us to investigate how dentin reacts to
acid aggression.

Dentin. Dentin is a bio-composite formed of HAP crystallites,
about 40 nm in diameter, well bonded by an organic network
of collagen fibers. It is more heterogeneous in structure than
enamel and more susceptible to surface alterations. Data in
the literature show that dentin demineralization under acid
circumstances is caused by progressive depletion of HAP
crystallites, while the collagen network remains in place. Acid
mineral loss may leave dentin totally depleted of HAP, in
which case only collagen fibers are seen (34).

Dentin, the matter of which teeth are made of, cannot
be visualized by AFM; thus, the samples needing adequate
sectioning and preparation. Dental samples in our study were
sectioned from healthy teeth, so that the plane-parallel facets
could be polished to be shiny for optical visualization.

Microstructure of the healthy dentin. Considering these
aspects, microstructure of the healthy dentin is shown in
Fig. 3A at a scan area of 5x5 pym. It presents a smooth and
compact surface with a topography characterized by densely
mineralized HAP. Microstructural ruggedness of the healthy
dentin was Rq=30.7 nm.

Nanostructure of the healthy dentin. The nanostructure of the
healthy dentin may be well visualized at 1x1 ym scan. The
surface texture included collagen fibers densely mineralized
with HAP crystallites, 40 nm in diameter. The roughness was
approximately Rq=4.59 nm (Fig. 3E).

Evolution of the microstructure. After one year of GE reflux
aggression, the dentin microstructure underwent significant
changes (Fig. 3B). Numerous HAP crystallites were dislodged



4 PICOS et al: ATOMIC FORCE MICROSCOPY OF DENTAL TISSUES AND RESTORATIVE MATERIALS IN GERD

Microstructure  —e= Nanostructure

40

30

20

10

Roughness of the surface (nm)

o
-
(6]
—_
o

Time (years)

Figure 2. Variation in the roughness of the enamel surface in relation to the
time of exposure to GERD. GERD, gastroesophageal reflux disease.

Figure 3. 3D AFM images of dentin samples affected by GERD. Evolution
of the microstructure (5x5 ym) of (A) healthy unexposed dentin, and exposed
for (B) 1 year, (C) 5 years and (D) 10 years. Evolution of the nanostructure
(I1x1 pm) of (E) healthy unexposed dentin, and exposed for (F) 1 year,
(G) 5 years and (H) 10 years. GERD, gastroesophageal reflux disease;
3D, three dimensional; AFM, atomic force microscopy.

from the surface, which became uneven, with depressions of
approximately 200-700 nm. This doubled the roughness index
to Rq=62.7. After 5 years, the dentin microstructure was seri-
ously damaged. Its surface was an alteration of well delimited
pikes with grooves and dips in which collagen strings may be
observed (Fig. 3C). Roughness reached a value Rq=137 nm.
The degree of erosion was even higher after 10 years of GE
reflux aggression (Fig. 3D), with a roughness value Rqg=322 nm.

Evolution of the nanostructure. At the nanostructure level,
after l-year exposure the dentin surface presented with
partially demineralized collagen strings and dips formed by the
elimination of surface HAP crystallites (Fig. 3F). There was
also an effect of surface crystallite wear; diameter of approxi-
mately 80 nm. Roughness at the nanostructural level reached
Rq=22.9 nm. Surface alteration and erosion became more
marked after 5 years (Fig. 3G), leading to a roughness value

Microstructure —e—=Nanostructure

400
€

£

3 300

©

©

=

w

£ 200

s

8 100

=4

Ny

(o]

o 0 1 5 10

Time (years)

Figure 4. Variation in the dentin roughness in relation to the time of exposure
to GERD. GERD, gastroesophageal reflux disease.

Rq=44.0 nm. After 10 years of acid aggression on the dentin,
the decay was advanced with an alteration of nanostructural
and submicron pikes and dips, Rq=51.3 nm (Fig. 3H).

The values of roughness in the dentin samples submitted
to acid aggression by GE reflux can be seen in Fig. 4. It
may be evidenced that as soon as dentin is exposed to acid
attack, at a microstructural level roughness increases progres-
sively to 10 times more than the initial value after 10 years.
At a nanostructural level, it progresses rapidly, reaching the
microstructural initial value after 5 years, and also after
10 years (Fig. 4).

Ceramic and composite materials. Ceramic and composite
materials were also tested for gastric acid aggression. In their
case, the optimal scanning area was 2.5x2.5 ym. AFM images
are presented in Fig. 5.

Ceramic material unexposed to gastric reflux. The ceramic
material presented with a heterogeneous submicronic struc-
ture based on tabular polyhedric crystals, 150 nm wide and
approximately 300 nm long, included into a very compact
mass (Fig. 5A). Surface roughness was Rq=20.0 nm.

Ceramic material exposed to gastric reflux. Exposure
to gastric reflux for 1 year (Fig. 5B), 5 years (Fig. 5C) and
10 years (Fig. 5D) did not alter ceramic microstructure, which
preserved its shape and size. The roughness increased slowly,
doubling its value only after 10 years of acid attack. Given the
preserved shape and size, the mild increase in roughness may
be explained by the relative flattening of the lower areas, while
ceramic crystals preserved their initial value. The evolution
of roughness may be observed in Fig. 6. Overall, we demon-
strated good resistance of the ceramic material to erosion by
GE reflux for 10 years.

Composite material unexposed to gastric reflux. The unex-
posed composite material presented a granular structure with
an average diameter of 80 nm, well compacted by the bonding
matter (Fig. SE). Its surface was quite smooth, with roughness
of 24.1 nm.

Composite material exposed to gastric reflux. We found
that the morphology, dimensions, and roughness of the
surface were preserved at 1 year (Fig. 5F), 5 years (Fig. 5G)
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Table I. Surface roughness of the analyzed material before and after exposure to acidic environment.
Surface roughness of material in nm
Enamel Dentine
Acidic exposure Ceramic Composite
simulation in years =~ Microstructure ~ Nanostructure ~ Microstructure  Nanostructure ~ Microstructure ~ Microstructure
0 9.69 2.14 30.70 4.59 20.00 24.10
1 9.75 421 62.70 22.90 27.30 22.30
5 23.70 11.00 137.00 44.00 45.30 15.50
10 42.70 16.00 322.00 51.30 58.80 20.00
Ceramic —e— Composite
£ 150
£
8 100
£
3 50
2
k) 0
3
£ 50
g
10, 1 5 10

Figure 5. 3D AFM images of ceramic and composite samples affected by
GERD. Ceramic samples: (A) unexposed ceramic samples, and exposed for
(B) 1 year, (C) 5 years and (D) 10 years. Composite samples: (E) unexposed
composite samples and exposed for (F) 1 year, (G) 5 years and (H) 10 years.
GERD, gastroesophageal reflux disease; 3D, three dimensional; AFM, atomic
force microscopy.

and 10 years (Fig. SH) of acid aggression by GE reflux. The
evolution of roughness is also presented in Fig. 6.

There are numerous studies (4,6,10) in the literature on the
demineralization of dental enamel under the acid action from
different components in food, mainly phosphoric and citric acids.
A modern approach of enamel demineralization uses AFM to
monitor the changes in surface morphology and size. The method
allows a follow-up of these changes at high resolution (35).

The understanding of the etiopathogenetic mechanism of
dental wear and awareness regarding prevention and early
treatment by minimally invasive methods can help the patient
maintain healthy hard dental structures and enjoy a good
quality of life.

Summing up our findings at the microstructural and nano-
structural levels, we may state that the decay of dentin surface
is a process starting at the nanostructural level by progressive
loss of surface HAP crystallites, which rapidly influences
microstructure. We noted a weaker resistance of dentin to acid
action and a more marked decay of its surface in comparison
to enamel (Table I).

Time (years)

Figure 6. Variation in the surface roughness of ceramic and composite mate-
rials according to the time of exposure to GERD. GERD, gastroesophageal
reflux disease.

Analyzing the AFM results on the ceramic and composite
materials, we found that they maintain their morphology and
size in time, which confirms good resistance (Table I). It is
difficult to conclude which of the two materials, ceramic or
composite is more indicated as the therapeutic choice, as both
performed well under the given conditions. The morpho-
logic-topographic factor cannot be decisive in choosing one
or the other. The choice should be based on the requirements
of the dental appliance. Only in this case would it matter that
for the ceramic material a slow but progressive roughness was
found in time, while the composite roughness was constant. It
is known that surface roughness is important in the retention
of oral bacterial plaque, involved in the onset of dental caries
by local demineralization and action of cariogenic bacteria
(Streptococcus mutans, Lactobacillus) and maintenance of
local acid pH. Prevention in dentistry may ensure the control
of dental plaque by periodical professional cleaning and topic
fluoridation (36-39).

Discussion

In the present study, the atomic force microscopy (AFM)
analyses indicated that gastroesophageal reflux had a delete-

rious effect on the morphology and roughness of enamel and
dentin surfaces. A prolonged exposure of 5-10 years caused
important dento-maxillary functional alterations that severely
affected the dental system.

The period of time of the contact between the erosive agent
and the tooth is more important than the pH acidity (38).
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Enamel Dentine Composite (Nexco Ivoclar) Ceramic (IPS Emax)
Rq=9.69 nm Rqg=30.7 nm Rg=24.1 nm Rg=20 nm
Oral acidic environment (pH-6) 24h
120 h
240 h
A
Rq=42.7 nm Rg=322 nm Rg=20 nm Rg=58.8 nm

Figure 7. Enamel, dentine, composite and ceramic microstructure analysis with AFM of surface roughness after 240 h of immersion in pH 6.0 liquid.

AFM, atomic force microscopy.

Dentine
Rg=4.59 nm

Enamel
Rg=2.14 nm

Oral acidic environment (pH-6) 24 h

120 h

240 h

Figure 8. Enamel and dentine nanostructure analysis with AFM of surface rough-
ness after 240 h of immersion in pH 6.0 liquid. AFM, atomic force microscopy.

A profound and detailed knowledge of dental erosion mech-
anisms requires ample studies performed on a large number of
samples over a long period of time of up to 30 years. Often
DE is associated with other dental wear mechanisms, which
favors rapid decay of dental structures and fostering difficul-
ties of etiological diagnosis (25,40-43). Abrasion and attrition
will dislodge more easily the eroded dental structures; this is
obvious in many cases of bruxism or bad habits in patients
with GERD, unhealthy diets, or heavy consumption of acidic
foods or beverages (44,45). This is how Lussi ef al explains the
appearance of cupules at the level of the cusps, which are typic
for dental erosion and in which the acid is retain for long times
because it is not washed away by saliva (39-41).

Composite materials present a porous structure that deter-
mines an increased adherence of the bacterial plaque, even if
their surface is well polished. Ceramic materials being glazed
do not present porosity, which minimizes the adherence of
bacterial plaque (46,47) (Figs. 7 and 8).

We consider that documenting the progressive erosion
in time of dentin and enamel represent a novel study
(Figs. 7 and 8). We also wanted to compare the resistance in
time of ceramic materials and composites exposed to the same

acid aggression, in order to obtain conclusive information on
the changes undergoing at surfaces exposed to acid and thus
orient the optimal materials to be used for treatment.

The ceramic and composite material investigated in the
present study proved to have good resistance to the erosion
caused by gastroesophageal reflux disease (GERD), with
preserved form and dimensions, and even roughness after
10 years. The composite was found more stable regarding
roughness than ceramic. However, we should keep in mind
that there are many other mechanical forces of wear at work
on composites as compared to ceramic masses.

The behavior of the prosthetic materials examined in our
study indicates the choice of composites for crown restora-
tions of eroded teeth. In a previous study on the behavior of
cements in acid environment, we found that glass ionomers
are less resistant to acid compared to resin cements, therefore
contraindicated in patients with dental erosions (42).

In addition to the health issues consequent to dental erosion
(DE), dental structure loss has important psychosocial and
aesthetic consequences (48,49). In order to study and establish
an aesthetic dental treatment plan, extraoral and intraoral
professional photography is needed. Photos obtained are used
for aesthetic guidelines and can be coordinated with digital
smile design, a special computer program or phone application
that allows the doctor to create and the patient to previsualize
the final result of the treatment, collaborating together. Indeed,
beauty is also enhanced in association with a healthy oral
cavity with a healthy smile. Minimal invasive treatment for
dental erosions that use composites and ceramic veneers is
considered a correct approach among experienced dentists.
The art of creating a smile is motivating doctors to find
advances in technology and to identify more aesthetic correla-
tions between teeth and facial anatomy. Giving the power of
creating dental morphology in the hands of the dentist, facial
harmony is obtained, and together with functionality, long
term results that satisfy patient needs are reached (50-52).
Special attention to DE must be given by the gastroenterologist
in collaboration with the dentist, as GERD is a disease with a
genetic predisposition, and prevention is required (53).
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